Background: Newborns of HIV-infected mothers are given daily doses of nevirapine to prevent HIV-1 acquisition. Infants born to mothers with TB should also receive TB preventive therapy. TB preventive regimens include isoniazid for 6 months or rifampicin plus isoniazid for 3 months (RH preventive therapy). The effect of concomitant RH preventive therapy on nevirapine concentrations in infants is unknown.
Introduction
Antiretrovirals for mothers and their infants provide the most effective interventions for the prevention of mother-to-child transmission (PMTCT) of HIV-1. In South Africa .90% of HIV-infected pregnant women receive such regimens and the transmission rates 6 weeks post-partum are ,3%. 1 In keeping with WHO guidelines, HIV-exposed newborns in South Africa receive daily nevirapine for at least 6 weeks. 2, 3 In high burden settings, TB is common among HIV-infected pregnant women. [4] [5] [6] Isoniazid preventive therapy (IPT) for 6 months is recommended to prevent TB in newborn infants of pregnant women with TB disease; however, adherence to daily IPT for 6 months is challenging for infants and their caretakers. Daily rifampicin plus isoniazid for 3 months (RH preventive therapy) is an acceptable alternative that has the benefit of higher completion rates. [7] [8] [9] Apart from dose and body size, several factors may affect nevirapine exposure in infants. Nevirapine is metabolized primarily by cytochrome P450 (CYP) 3A4 and 2B6. Maturation of these enzymes during the early weeks of life and autoinduction through activation of the constitutive androstane receptor reduce bioavailability and increase clearance over time. Genetic polymorphisms of CYP 2B6 have been shown to impact nevirapine concentrations significantly in pregnant women and infants. [10] [11] [12] Conceivably, growth and maturation, and transplacental and breast milk transfer of nevirapine would further modulate the requirement for oral dosing of nevirapine. 12, 13 V C The Author 2017. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please email: journals.permissions@oup.com.
Drugs co-administered to breastfeeding mothers or infants may result in altered nevirapine concentrations. Rifampicin induces CYP3A4 potently and CYP2B6 to a lesser extent, while isoniazid inhibits several enzymes including CYP3A4. The net effect of TB treatment containing rifampicin and isoniazid is to reduce substantially the nevirapine concentrations in HIV-TB co-infected adults and children. 14, 15 However, there is little information about the impact of regimens containing rifampicin and isoniazid on nevirapine concentrations in newborns and infants receiving nevirapine for PMTCT.
We used a population modelling approach to describe the impact of concomitant maternal and/or infant treatment with rifampicin on the pharmacokinetics of daily nevirapine in newborns of HIVinfected women enrolled in a prospective study in South Africa.
Methods

Cohort study design
Tshepiso was a prospective cohort study evaluating the effects of TB on HIV-infected pregnant women and their infants in Soweto, South Africa. HIV-infected pregnant women with TB disease were enrolled as cases. For each case, two HIV-infected pregnant women with no evidence of TB were selected as controls. The recruitment and enrolment procedures have been reported previously. 16, 17 Briefly, women 18 years old and pregnant for at least 13 weeks were eligible. Cases had confirmed or probable TB and controls were matched on gestational age, maternal age and date of enrolment. Antiretrovirals for maternal treatment and PMTCT as well as TB treatment and prevention regimens were provided through routine public sector clinics, in line with national treatment guidelines. 3 Women were followed antenatally and during delivery, thereafter mother-infant pairs were followed to 1 year post-partum.
Ethics
The study was approved by the institutional review boards of Johns Hopkins University, the University of the Witwatersrand and the University of Cape Town. Written informed consent was provided by each woman enrolled.
Drug dosing
Infants started daily doses of nevirapine at birth and continued nevirapine until at least 6 weeks of age (longer if mothers continued to breastfeed). Infants 2.0 kg at birth were given daily 2 mg/kg doses of oral suspension for 2 weeks, then 4 mg/kg until 6 weeks of age. Infants with a birth weight of 2.0-2.5 kg were given 10 mg once daily and infants weighing .2.5 kg at birth were given a once-daily 15 mg dose, until 6 weeks of age. The daily dose of nevirapine was increased to 20 mg for infants 6 weeks to 6 months old. Infants receiving RH preventive therapy were administered rifampicin and isoniazid doses for each drug of 10 mg/kg daily.
Pharmacokinetic and HIV laboratory assessments
As part of a pharmacokinetic substudy, infant nevirapine concentrations were measured in a single plasma sample taken 7 days after birth and repeated at the 6 week follow-up visit. Plasma nevirapine concentrations were also determined in cord blood if the mother had received nevirapine for PMTCT and a suitable sample could be obtained at delivery. Maternal HIV viral load and CD4! lymphocyte count were measured at enrolment and infants were tested for HIV using DNA PCR testing in their first week and again at 6 weeks of age.
Plasma nevirapine concentrations were determined using liquid chromatography/tandem mass spectrometry in the Division of Clinical Pharmacology at the University of Cape Town. The assay was validated over the concentration range 0.078-20 mg/L and had accuracies of 99.4%, 100.1% and 102.1% at low, medium and high concentrations, respectively, during inter-day sample analysis. Coefficients of variation were ,7% across the range of concentrations, confirming excellent precision.
Pharmacokinetic model development
Non-linear mixed-effects modelling in NONMEM 7.3 18 was used to describe the population pharmacokinetics of nevirapine in the infants. Model development was guided by decreases in objective function value (OFV), with a drop of 3.84 points assumed to be statistically significant at P , 0.05 for 1 additional degree of freedom, and inspection of goodness-of-fit plots and visual predictive checks.
19 Several structural models were tested. These included models describing one-or two-compartment disposition kinetics with firstorder elimination and first-order absorption, with or without absorption lag time or with a series of transit compartments. 20 Between-subject (BSV) andoccasion variability (BOV) was included assuming a log-normal distribution for the individual parameters. A combined additive and proportional error model was used to describe residual unexplained variability. Allometric scaling was included to account for the effect of body size at an early stage of model development, as previously suggested. 21 Nevirapine concentrations measured in cord blood were tested as initial concentrations in the neonate model. Further potential effects on clearance and bioavailability that were investigated in the model included post-menstrual age, treatment duration, infant RH preventive therapy and, in breastfed infants, maternal nevirapine or rifampicin ingestion. Continuous covariates were tested as linear, exponential and sigmoidal effects. Individual Bayesian post-hoc estimates of nevirapine trough concentrations (C min ) were derived from the model.
Results
A total of 164 infants were started on daily nevirapine and underwent pharmacokinetic evaluation. Maternal and infant characteristics are shown in Table 1 . RH preventive therapy was the only TB prevention regimen used and was started in 45 of 53 (85%) infants born to mothers with TB and one infant whose mother did not have TB. Amongst mothers with TB (cases), 44 were on combination ART (cART) at the time of delivery, 7 received single dose nevirapine for PMTCT, 1 was on zidovudine monotherapy and 1 did not receive antiretrovirals perinatally. Amongst 111 pregnant women without TB (controls), 74 were on cART, while 25 received single dose nevirapine and 12 zidovudine monotherapy for PMTCT.
A total of 296 infant nevirapine concentrations were measured. Of these, 55 concentrations obtained at the second pharmacokinetic visit from infants who had stopped taking nevirapine several days before sampling were below the limit of quantification of the assay. After exclusion of these values, the model was used to fit nevirapine concentrations from 155 infants, measured in 241 samples taken a median (IQR) 4.25 h (3.29, 14.9) after a nevirapine dose, 2-83 days after birth.
The sparse data supported a one-compartment model with first-order elimination. Absorption was described using a series of transit compartments 20 (NN was fixed to 2 and no separate ka was estimated), which provided a fit similar to a simple first-order absorption model, but produced more stable and precise parameter estimates. Allometric scaling of clearance and volume using body weight improved the model fit (OFV reduction of 40 points). While the data did not support a sigmoidal maturation function, clearance was found to increase linearly with post-menstrual age (4% for each week; 7.6 point OFV drop, P , 0.01). Infants given RH preventive therapy had a 33% reduction in bioavailability (OFV drop of 9.4 points, P , 0.01), resulting in lower nevirapine Nevirapine exposure in infants on rifampicin JAC exposures. The changes in nevirapine trough concentrations over time, for typical infants with and without RH preventive therapy, are illustrated in Figure 1 . The median (IQR) estimated C min for samples taken early in treatment (within 28 days of birth; a median 7 days after birth) were 1.66 (1.32, 2.37) mg/L for infants receiving RH preventive therapy and 2.11 (1.48, 3.27) mg/L for infants not receiving RH preventive therapy. Later in treatment (a median 45 days after birth), the C min values were 0.89 (0.60, 1.57) mg/L with and 1.39 (1.01, 1.98) mg/L without concomitant RH preventive therapy. Use of cord blood measurements as the initial concentrations of nevirapine in the infants did not improve the model, possibly due to the small number of children with mothers on nevirapine that were sampled during the first days after birth. Neither maternal rifampicin intake nor maternal cART regimens impacted infant nevirapine pharmacokinetics. The final model parameter estimates and visual predictive checks are displayed in Table 2 and Figure 2 , respectively. See Figure S1 (available as Supplementary data at JAC Online) for goodness-of-fit plots.
Three infants who received RH preventive therapy were started on treatment at 3-6 months of age for clinically suspected, microbiologically unconfirmed TB disease. HIV infection was confirmed in four infants. Two of the mothers of these infants had received efavirenz-based cART, one had received zidovudine only prior to delivery and one had received daily zidovudine with nevirapine perinatally. Two were born to mothers with TB. The nevirapine concentration in one infant was below the limit of quantification. The predicted C min values amongst the remaining infants acquiring HIV ranged from 1.35 to 2.00 mg/L and 0.49 to 0.65 mg/L at first and second sampling, respectively.
Discussion
We described highly variable trough concentrations of nevirapine in infants dosed according to the current guidelines for PMTCT and estimated an average reduction in nevirapine trough concentrations of 33% (95% CI 12%-50%) in infants receiving RH preventive therapy McIlleron et al.
compared with infants not receiving TB preventive therapy. The recommended doses of rifampicin and isoniazid for children have been increased by 50% and 100%, respectively, since the Tshepiso study. The revised doses could conceivably induce or inhibit the metabolism of nevirapine to an even greater extent, resulting in a different net effect on nevirapine exposures. 22 Early studies of nevirapine for PMTCT targeted trough concentrations .0.1 mg/L (10 times the in vitro IC 50 of nevirapine), 23 and 30-fold lower than the recommended trough concentration required to maintain viral suppression in patients infected with HIV. 24 In our study the estimated nevirapine concentrations remained .0.1 mg/L, even with the full effects of both nevirapine and rifampicin induction on metabolizing enzymes and transporters. However, as no study has validated the nevirapine concentration threshold required to prevent HIV acquisition, the clinical implications of reduced concentrations of nevirapine in infants on RH preventive therapy are unclear. Defining such a threshold is complicated by multiple other factors contributing to HIV transmission risk, such as maternal ART, maternal viral load, mode of delivery, infant adherence to nevirapine, and infant feeding (breastfeeding, mixed feeding, formula), etc.
Although providing cART to all pregnant women (Option B!) significantly reduces the risk of transmission of HIV to infants, giving daily doses of nevirapine to newborn infants until at least 6 weeks after birth is recommended. The latter is particularly Change in nevirapine trough concentrations with time, from birth to 6 weeks, with and without combined TB preventive therapy (rifampicin plus isoniazid). Solid lines are the median values, while shaded areas represent the 95% prediction intervals generated using between-subject andoccasion variability. Simulations (n " 1000) were performed with 15 mg daily dosing administered to a typical infant in our cohort: 39 weeks of gestation, birth weight of 3.13 kg and weight increase of 0.22 kg/day after birth. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC. Nevirapine exposure in infants on rifampicin JAC important among women who have a detectable HIV viral load at the time of delivery, either because the woman did not access ART or because ART was not given for a period sufficient to reduce viraemia to undetectable levels. WHO estimates that 77% of HIVinfected pregnant women in the African region Global Plan priority countries received antiretrovirals in 2014. In South Africa and six other countries in the region, maternal antiretrovirals were provided to .90% of HIV-infected pregnant women. 25 Nevirapine dosing for infants was initially based on the HIVNET 012 study, in which a dose of 2 mg/kg given within 72 h of birth reduced HIV acquisition. 26 Extension of the nevirapine dosing period was recommended as it became clear that the 6 weeks following delivery are of particularly high risk for HIV acquisition, especially among infants without safe alternatives to breast feeding. 27 Studies supporting current guidelines for infant prophylaxis with daily nevirapine doses of 10 or 15 mg (depending on the infant's weight at birth) demonstrated that the approach is highly effective and well tolerated. 28, 29 However, nevirapine has a low barrier to the selection of resistance and high proportions of viral resistance have been reported when there is regimen failure resulting in transmission. 30, 31 Our data illustrate the potential danger of treating infants receiving nevirapine with rifampicin and underscore the importance of using isoniazid for TB prophylaxis in this population.
Our study had several limitations including insufficient power to evaluate the risks of HIV acquisition by nevirapine exposure and lack of a control group of TB-exposed infants given IPT for 6 months, for comparison with RH preventive therapy for 3 months. Resistance mutations were not analysed in the four infants who acquired HIV. Pharmacokinetic sampling was sparse and data on the pharmacogenetic determinants of nevirapine exposure were not available to support the pharmacokinetic model estimates. While we did not find maternal rifampicin ingestion to impact nevirapine exposures, the study was not designed to separate this effect from that of infant RH preventive therapy. Similarly, while the linear effect describing a 4% increase in clearance for each week of post-menstrual age fitted the data best, a model including duration on nevirapine described a similar effect on clearance. Hence, the effects of enzyme maturation and autoinduction could not be separated.
Given the potentially grave consequences of underdosing nevirapine among HIV-exposed infants who are breastfeeding and thus remain at high risk for HIV acquisition, we suggest that the 3 month regimen of rifampicin plus isoniazid for TB prevention be avoided in infants born to mothers with HIV and TB disease. It would be prudent to avoid other preventive regimens that include a rifamycin in the absence of evidence to support their use in this population, as they too might impact nevirapine exposures in infants on nevirapine prophylaxis. Isoniazid prophylaxis requires a longer treatment duration (6 rather than 3 months), but riskbenefit considerations favour this approach among infants exposed to both HIV and TB. 
